Abstract Macroautophagy is a conserved degradative process mediated through formation of a unique doublemembrane structure, the autophagosome. The discovery of autophagy-related (Atg) genes required for autophagosome formation has led to the characterization of approximately 20 genes mediating this process. Recent structural studies of the Atg proteins have provided the molecular basis for their function. Here we summarize the recent progress in elucidating the structural basis for autophagosome formation.
Introduction
Degradation of intracellular components through delivery to the lysosome/vacuole by autophagy constitutes one of the primary mechanisms regulating cellular homeostasis Nakatogawa et al., 2009; Reggiori and Klionsky, 2013) . In addition to delineating the roles of autophagy in homeostatic functions, the study of autophagy is of particular importance due to its involvement in diverse physiological processes such as growth, development, differentiation, apoptosis, and its association with pathological conditions including neurodegeneration, myopathies, cellular immunity, aging, and cancer (Choi et al., 2013) .
Macroautophagy (hereafter autophagy) is the most extensively studied form of autophagy, and is thought to be the primary form in cells Nakatogawa et al., 2009; Mizushima et al., 2011; Reggiori and Klionsky, 2013) . Autophagy can be both nonselective and selective for specific cargo. Selectivity is achieved by adaptor proteins that function to sequester specific components such as protein aggregates or whole organelles (Weidberg et al., 2011b; Suzuki, 2013) . Various forms of selective autophagy have been named based on the recruited cargoes, with examples that include but not limited to, mitophagy (degradation of mitochondria, Kondo-Okamoto et al., 2012; Ashrafi and Schwarz, 2013) , lipophagy, (degradation of lipids, Liu and Czaja, 2013) and ribophagy (degradation of ribosomes, Kraft et al., 2008) . In comparison, nonselective autophagy has been characterized as a bulk degradation process, which functions independent of specialized cargoreceptor proteins.
Central to both nonselective and selective autophagy is the de novo synthesis of double-membrane vesicles known as autophagosomes (Fig. 1) . Autophagosome formation is thought to be initiated at a single nucleation region in yeast cells: the preautophagosomal structure or phagophore assembly site (PAS) in yeast cells, but an analogous structure has not been identified in mammalian cells. Autophagy proceeds through expansion of an initial precursor structure into a cup-shaped membrane sac, termed an isolation membrane or phagophore. Cytoplasmic content becomes sequestered into this growing membrane structure until the vesicle is sealed, forming the double-membrane autophagosome. Mature autophagosomes are subsequently delivered to the lysosomal compartment (or the vacuolar compartment in yeast cells), where the outer membrane of the autophagosome fuses with the lysosomal membrane, leading to the translocation of the inner vesicle encapsulating the cargo into the lumen of the lysosome. The inner membrane vesicle, termed an autophagic body, is subsequently degraded by hydrolytic enzymes in the lysosome, and the resulting metabolites are recycled for anabolic pathways.
Research on the autophagy pathway was restricted to morphological studies until the early 1990s when Ohsumi and colleagues discovered that the baker's yeast Saccharomyces cerevisiae mounts an autophagic response upon starvation (Takeshige et al., 1992; Tsukada and Ohsumi, 1993) . Subsequent genetic screens carried out in S. cerevisiae and other fungal species led to the identification of 38 Atg (autophagy-related) genes (Mizushima et al., 2011) . Approximately 20 Atg proteins are essential for autophagosome formation in yeast and can be classified into five functional groups based primarily on identified protein-protein interactions (Table 1) : (i) the Atg1 kinase complex, (ii) the autophagy-specific class III phosphatidylinositol 3-kinase (PI(3)K) complex, (iii) Atg9 and the Atg2-Atg18 complex, (iv) the Atg12 conjugation system, and (v) the Atg8 conjugation system. Importantly, the autophagy pathway and core machineries were found to be evolutionarily conserved, with more than half of the Atg proteins in yeast having orthologs in higher eukaryotes (Mizushima et al., 2011, Reggiori and (Table 1) .
Over the past 15 years, extensive research has gone into delineating the biological functions of the core Atg proteins and determining how these proteins cooperate with one another to mediate and regulate autophagosome biogenesis, the central step of the autophagy pathway. Recent X-ray crystallographic, nuclear magnetic resonance (NMR), and single-particle electron microscopy (EM) studies have shed novel insights in the functions of various Atg proteins and protein complexes. In this review, we highlight key findings from these studies and discuss their implications in advancing our understanding of the structural basis of autophagosome biogenesis.
The Atg1 kinase complex
The yeast Atg1 kinase complex consists of the serine/ threonine kinase Atg1, two proteins that regulate Atg1's kinase activity, Atg13 and Atg17, and two non-conserved regulatory subunits, Atg31 and Atg29 (Matsuura et al., 1997; Kamada et al., 2000; Cheong et al., 2005; Kabeya et al., 2005; Kabeya et al., 2009 ). The yeast Atg1 kinase complex is functionally analogous to the mammalian ULK1 complex, which is composed of ULK1, mATG13, FIP200, orthologs of Atg1, Atg13 and Atg17, respectively, and a unique component ATG101 (Hosokawa et al., 2009; Ganley et al., 2009; Mercer et al., 2009) . Hierarchical genetic analysis in yeast has shown that the core components of the Atg1 kinase complex acts upstream of other Atg proteins and plays a central role in initiating autophagosome formation . Notably, Atg17, in complex with Atg31 and Atg29, is constitutively localized to the PAS and serves as a platform for assembly of the full Atg1 complex (Cheong et al., 2008; Kabeya et al., 2009) . The kinase activity of Atg1, though not essential for the early stages of autophagosome formation, is critical in regulating the localization of downstream Atg proteins and further disassociating these proteins from the PAS (Cheong et al., 2008) .
The nutrient status of the cell regulates autophagosome formation through different kinases. Under nutrient rich conditions, the nutrient-sensing target of rapamycin (TOR) kinase and protein kinase A (PKA) inhibit Atg1 complex activation through phosphorylation of Atg1 and Atg13 (Kamada et al., 2000; Kijanska et al., 2010; Kim et al., 2011 , Yeh et al., 2011 . Starvation induces partial dephosphorylation of Atg13, and this event activates the Atg1 Figure 1 Overview of macroautophagy in Saccharomyces cerevisiae. Autophagosome formation begins at the preautophagosomal structure (PAS). Expansion of the PAS leads to formation of a cup-shaped membrane known as a phagophore. Elongation of the phagophore sequesters cytoplasmic content until the vesicle is sealed off, forming a complete mature autophagosome. The autophagosome is subsequently targeted to the lysosome where the inner membrane and its content would be degraded by hydrolytic enzymes. The overall contributions of each Atg functional group to the different steps of autophagosome biogenesis are depicted. X-ray crystallography
Saccharomyces cerevisiae
Atg8 conjugation Atg8 is lipidated to PE through an ubiquitin-like cascade. Atg4 proteolytically activates Atg8 followed by conjugation to the enzymes Atg7 (E1), Atg3 (E2). X-ray crystallography Saccharomyces cerevisiae complex through promoting Atg1 complex formation and Atg1 kinase activity. Initial studies in yeast suggested that Atg1 is dynamically recruited to dephosphorylated Atg13 upon starvation (Kamada et al., 2000) . However, recent evidence showed that Atg1 and Atg13 are constitutively associated, a phenomenon similar to what has been observed in higher eukaryotes . Although the order of assembly of the Atg1 complex remains poorly defined, recent structural studies have revealed novel functions for several components of the Atg1 complex.
The yeast Atg17-Atg31-Atg29 subcomplex (hereafter Atg17-Atg31-Atg29) is an important organizer of the Atg1 complex at the PAS during autophagy. Biochemical studies have shown that this sub-complex exists as a constitutive dimer independent of the nutrient status (Kabeya et al., 2009) . Recent X-ray crystallographic and single-particle EM analyses of Lachancea thermotolerans and S. cerevisiae Atg17-Atg31-Atg29 confirmed the inherent dimeric state of this complex Chew et al., 2013) . From the crystal structure, a single Atg17 protomer was found to consist of four α-helices forming a three-helix bundle. Atg31, on the other hand, adopts a β-sandwich motif with a single carboxyl-terminus α-helix mediating interaction with Atg17 to form a four-helix bundle. In contrast, Atg29 is predominantly unstructured and only a single N-terminal β-strand that is engaged in an interaction interface with the β-sandwich of Atg31 could be clearly defined from the electron density map. Although Atg31and Atg29 form stable heterodimers, the interaction of Atg29 with Atg17 is mediated through Atg31.
The overall architecture of Atg17-Atg31-Atg29 is that of an S-shaped dimer mediated through interaction of the C terminus of Atg17. The dimerization of Atg17 is functionally important for autophagy induction . The N-terminal region of Atg17 generates the characteristic curvature with Atg31-Atg29 binding to the concave side of the arc. Single-particle EM analysis of Atg17 alone suggested that Atg31-Atg29 association may function to establish and maintain the characteristic curvature of Atg17 . Furthermore, dissociation of Atg31-Atg29 from Atg17, through truncation of Atg31's C terminus α-helix, resulted in loss of autophagy function in vivo, indicating an important role for Atg31-Atg29. Indeed, it was recently shown that the C terminus of Atg29 constituted a regulatory domain that interacts with the scaffold protein Atg11 in a phosphorylation-dependent manner (Mao et al., 2013) . Comparison of the available EM and crystal structure models of Atg17-Atg31-Atg29 suggests that the C-terminal region of Atg29 projects away from the central scaffold, making it potentially accessible to protein kinases and Atg11.
Its unique arc dimension and strikingly structural resemblance to BAR domain-containing proteins, led Hurley and colleagues to hypothesize that Atg17-Atg31-Atg29 could be involved in tethering the Atg9 vesicles, which contain the transmembrane protein Atg9 and are highly curved because their diameters range from 30 to 60 nm. Atg9 vesicles are thought to be a major source of membrane during the early stage of autophagosome formation in yeast . However, Atg17-Atg31-Atg29 could not bind liposomes of any size in vitro. Instead, these investigators found that a C-terminal region of Atg1 (residues 562-831) termed the EAT (early autophagy targeting/tethering) domain is capable of binding and tethering small vesicles (diameter < 50 nm) possessing highly curved membranes. Curiously, in the context of a pentameric assembly that consists of Atg17-Atg31-Atg29 and a C-terminal fragment of Atg13 (residues 350-550), the Atg1 EAT domain can no longer bind lipid vesicles and appears to be locked into an inhibited state. These observations led to a working model of how the Atg1 kinase complex mediates tethering of Atg9 vesicles (Fig. 2B) . It is important to note that the membrane binding experiments were conducted with fragments of Atg1 and Atg13 and may not fully reflect the inherent property of the full length Atg1 kinase complex. Furthermore, the proposed model remains to be validated in vivo, and future studies should focus on examining the capacity of the fully assembled Atg1 kinase complex in binding and tethering purified or reconstituted Atg9 vesicles. The subsequent fusion of Atg9 vesicles into larger vesicles may require other factors from conventional vesicular trafficking pathway, such as the TRAPPIII tethering complex and the SNARE proteins (Nair et al., 2011; Kakuta et al., 2012; Moreau et al., 2013) . Future study should determine whether or not the Atg1 complex also participates in the vesicle fusion process.
The fully assembled Atg1 complex also recruits additional Atg proteins to the PAS to mediate vesicle nucleation, expansion, and closure. One of the first complexes targeted by the Atg1 complex is the autophagy-specific class III PI(3)K complex. Hierarchical analysis showed that Atg17 and Atg13 are the specific Atg1 complex subunits required for the recruitment of the Atg14 component of the class III PI(3)K complex to the PAS . Recent crystallographic analysis of the N-terminal domain of Atg13 (residues 1-260) from L. thermotolerans provided insights into how Atg13 might mediate this targeting (Jao et al., 2013) . This previously unidentified Atg13 domain shows unexpected structural homology to the HORMA (Hop1p, Rev1p, and Mad2) domain family of proteins that are involved in recognizing DNA damage. The Atg13 HORMA domain specifically consists of three α-helices and two anti-parallel β-sheets arranged in an α/β motif. The α-helices are packed along one side of the β-sheet and are held together primarily through hydrophobic interactions while a large loop extends out from the opposite side of the same β-sheet. A nonconserved anti-parallel β-sheet lies above the α/β sandwich. Importantly, deletion of Atg13 HORMA domain results in the loss of Atg14 localization to the PAS and a defect in autophagy. The presence of a basic binding pocket on the side of the β-sheet opposite to the α-helices led to the hypothesis that Atg13 HORMA domain may function as a phosphate sensor. This is supported by observations that two arginine residues (L. thermotolerans: R118 and R205) coordinate a sulfate ion in the crystal structure of the HORMA domain. These two residues are conserved in S. cerevisiae Atg13 (R120 and R213) and are essential to Atg13's molecular function and induction of autophagy in vivo ( Fig. 2A) . Building on the structural work on Atg13 HORMA domain, future studies should focus on determining whether Atg13 binds directly to Atg14 and/or other components of the autophagy-specific PI 3-kinase complex in promoting the recruitment of this complex to the PAS.
The structures of other HORMA domain containing proteins provide further mechanistic insights into the function of Atg13. Notably, the HORMA domain containing Mad2 protein has the ability to transition between an open state and a closed state, with the closed form being induced upon binding its physiological ligand Mad1 (Sironi et al., 2002) . The crystallized form of Atg13 HORMA resembles the closed conformation of Mad2, and the putative phosphate sensor of Atg13 HORMA would only form in this state. An important objective of future study would be to determine whether Atg13 HORMA adopts the open conformation.
The fact that Atg13 could potentially contain a phosphatesensing switch raised the question as to what this sensor actually targets. A recent study on human mATG13 protein investigated Atg13's capacity to associate with acidic lipids (Karanasios et al., 2013) . Using whole cell lysate and recombinantly expressed human mATG13, these authors showed that a highly basic region at the extreme N terminus of ATG13 could associate with phosphatidic acid and monophosphorylated phosphatidylinositol (PtdIns3P and PtdIns4P). However, this basic region is not conserved in the primary sequence of yeast Atg13, and is mapped to the first α-helix, which is distal to the putative phosphate sensor of yeast Atg13 ( Fig. 2A) . Functionally, mutations to this region only affected mATG13 association with puncta and its ability to association with ULK1 complex components. It is currently not known whether yeast Atg13 can associate with phosphatidylinositides or whether the mechanism observed is conserved in lower eukaryotes of which a structure of the human mATG13 HORMA domain would provide great insight.
Despite recent advances in structural understanding of the yeast Atg1 kinase complex, there is a general lack of structural information on the orthologous mammalian ULK1 complex. Furthermore, mechanistic differences exist between the mammalian and fungal autophagy pathways, and the mammalian ULK1 complex likely functions in different contexts compared to the yeast Atg1 complex. Notably, yeast autophagosome formation occurs at a single nucleation point, the PAS, while a well-defined PAS has not yet been identified in mammalian cells. Instead multiple autophagosomes can form at different sites throughout the cell (Mizushima et al., 2011; Lamb et al., 2013) . Compared to yeast, the initial source of membrane for early autophagosome formation has not been clearly defined in mammalian cells, with several sources, endoplasmic reticulum (ER), mitochondria, mitochondria-ER contact sites, and plasma membrane being highly touted candidates (Axe et al., 2008 ; Hayashi-Nishino Ylä-Anttila et al., 2009; Hailey et al., 2010; Ravikumar et al., 2010; Moreau et al., 2011; Hamasaki et al., 2013; Puri et al., 2013) . Furthermore, the role of human mATG9 vesicles in PAS formation is less well understood with additional membrane sources, such as ATG16L vesicles, having a role in forming and elongating the phagophore (Moreau et al., 2011; Puri et al., 2013) . The ULK1 complex may serve as a tethering factor for ATG16L vesicles as ULK1 has also been shown to associate with membranes and FIP200, the human ortholog of Atg17 has recently been shown to associate with ATG16L (Chan et al., 2009; Gammoh et al., 2013; Nishimura et al., 2013) . Development of methods to isolate the relatively large-sized individual components of the ULK1 complex and to reconstitute the full complex would be critical to future biochemical and structural analyses of this important autophagy regulator.
The phosphatidylinositide-3-kinase complex
Generation of phosphatidylinositol 3-phosphate (PtdIns(3)P) on autophagic membranes is essential for the elongation and completion of autophagosomes (Kihara et al., 2001; Obara et al., 2008a) . Several core Atg proteins are capable of binding PtdIns(3)P, suggesting that this lipid has a role in the recruitment of autophagy-specific proteins to the growing autophagosome membrane . Interestingly, both electron and fluorescent microscopy based studies in yeast cells have shown PtdIns(3)P is enriched on the inner surface of the autophagosome membrane (Obara et al., 2008a) , and inhibiting the production of PtdIns(3)P completely abolishes the autophagic response during starvation conditions (Obara et al., 2008a) .
In yeast, PtdIns(3)P is produced by the sole class III phosphatidylinositide-3-kinase (PI(3)K), Vps34. Two distinct class III PI(3)K complex exist: complex I and complex II. These two complexes share three core subunits: Vps34, the catalytic PI(3) kinase, Vps15, a regulatory serine/threonine kinase, and Atg6(Vps30) (Kihara et al., 2001; Obara et al., 2006) (Fig. 3B) . Each complex contains a unique component that determines its localization in the cell. The autophagyrelated complex I contains Atg14 and associates with the PAS (Kihara et al., 2001; Obara et al., 2006) while the Vps (Vacuole protein sorting)-related complex (Complex II) contains Vps38 and localizes to vacuolar and endosomal membranes (Kihara et al., 2001; Burda et al., 2002) . In yeast, Vps15 is a myristoylated protein that contains both a kinase and a WD repeat domain required for recruitment and phosphorylation-dependent activation of Vps34 kinase activity (Panaretou et al., 1997; Heenan et al., 2009) . Atg6 mediates interaction with Atg14 Fogel et al., 2013) . Recently, Atg38 was shown to mediate complex integrity by bridging the interaction of Vps15-Vps34 with Atg14-Atg6 through a predicted C-terminal coiled-coil domain (Araki et al., 2013) . Atg38 does not interact with Vps38 indicating that it has a distinct role in autophagy.
Regulation of PtdIns(3)P is more complex in mammalian cells due to the presence of multiple PI(3)K complexes. This complex is composed of Vps34 (red), Vps15 (yellow), Atg6/ Beclin1 (blue), Atg14 (orange), and Atg38 (brown). Complex formation occurs through interaction of Atg14 with Atg6/Beclin1 and Vps34 with Vps15, which is further stabilized by association with Atg38. The class III PI(3)K complex produces PtdIns(3)P at the autophagosome membrane through the catalytic activity of the PI(3) kinase Vps34. This complex is targeted and anchored to membranes by myristoylated Vps15 and the intrinsic membrane binding ability of Atg14 and Atg6/Beclin1. Following PtdIns(3)P production, Atg18 is recruited through two phosphoinositide binding sites. A small hydrophobic loop may facilitate its insertion into the membrane. Atg2 can be recruited in an Atg18 dependent or independent mechanism to interact with effectors. PDB codes for structures depicted: 3GRE (Vps15), 4DDP (Beclin1 ECD), 3Q8T (Beclin1 CCD), 2X6H (Vps34), 4EXV (Hsv2/Atg18).
Although both class II and class III PI(3)K complexes have capacity to synthesize PtdIns(3)P, only class III PI(3)K complexes are autophagy specific and are thought to be the major generator for this lipid modification. The mammalian autophagy specific class III PI(3)K complexes consist the core subunits: hVPS34 kinase, hVPS15 kinase, and Beclin1 (an Atg6 ortholog). Similar to the yeast complex, the mammalian class III PI(3)K complexes are localized to different compartments due to association with the human Atg14 ortholog, ATG14L/Barkor that localizes the class III PI(3)K complex to the ER while the Vps38 ortholog UVRAG localizes the complex to late endosomal membranes (Itakura et al., 2008; Matsunaga et al., 2009; Zhong et al., 2009; Fan et al., 2011) . A third class III PI(3)K complex contains rubicon, which associates with UVRAG containing complexes (Matsunaga et al., 2009; Zhong et al., 2009 ). These additional complexes are physiologically important for autophagosome formation with ATG14L/Barkor and UVRAG-containing complexes promoting autophagy and Rubicon-containing complexes inhibiting autophagy.
In mammalian cells, the class III PI(3)K complex serves as an essential hub for autophagy induction. Central to regulation is Beclin1, which interacts with a multitude of proteins including but not limited to ATG14L, UVRAG, Rubicon, and Bcl-2 (Aita et al., 1999; Liang et al., 1999; Furuya et al., 2005; Itakura et al., 2008) . These critical interactions are mediated through distinct domains of Beclin1: the N-terminal Bcl-2 homology 3 (BH3) domain (residues 107-135), a central coiled-coil domain (CCD residues 144-269), and an evolutionarily conserved domain (ECD residues 248-450) at its C terminus (Fig. 3A) .
The non-conserved BH3 domain of Beclin1 interacts with the Bcl-2 family protein Bcl-XL (Liang et al., 1998) . This interaction inhibits autophagy presumably through sequestering Beclin1 from the class III PI(3)K complex. NMR and crystallographic analyses have shown that the α-helical Beclin1 BH3 peptide forms a tight interaction with an Nterminal region of Bcl-XL (Feng et al., 2007; Oberstein et al., 2007) . Notably, the binding pocket in Bcl-XL is a hydrophobic groove formed by four α helices, and both polar and hydrophobic interactions mediate the interaction between Beclin1 BH3 and Bcl-XL. Available crystal structures of Bcl-XL in complex with BH3 domain from other non-autophagy related proteins showed that the Bcl-XL binding pocket is flexible with a single α-helix (α4) capable of adopting different conformation to accommodate different substrates (Sattler et al., 1997; Petros et al., 2000; Liu et al., 2003) . Interestingly, biochemical studies showed that the Beclin BH3 domain exhibited the weakest interaction among interacting partners of Bcl-XL. The importance of the interaction between Beclin1 BH3 domain and Bcl-2 proteins in autophagy is further highlighted by its exploitation by the viral Bcl-2 protein M11 (Ku et al., 2008) . The crystal structure of murine gamma Herpes virus 68 M11 protein in complex with Beclin1 BH3 domain revealed strong interactions analogous to those observed in other Bcl-2-BH3 complexes. However, isothermal titration calorimetry (ITC) studies showed that Beclin1 BH3 domain binds M11 with an affinity 20 orders of magnitude higher than with endogenous Bcl-2. The binding of M11 to Beclin1 leads to autophagy inhibition but exactly how this interaction affects the outcome of viral infection is not known.
The CCD of Beclin1, on the other hand, mediates interaction with ATG14L and UVRAG, and serves as a critical platform for complex assembly. This domain also mediates Beclin1 homo-dimerization. A recent crystallographic analysis revealed that the Beclin1 CCD (residues 174-266) forms a canonical anti-parallel coiled coil of approximately 129 Å in length and this coiled coil is held together by13 heptad repeats (Li et al., 2012) . This crystal structure further uncovered the presence of polar residues at the center of the dimer interface. These polar residues destabilize the coiled coil structure, resulting in Beclin dimers that readily disassociate at physiologic temperature. It has therefore been suggested that the metastable coiled coil structure is an inherent property that allows Beclin1 to dynamically regulate autophagy induction through the heterodimerization with ATG14L and UVRAG and the formation of their respective regulatory complexes (Fig. 3B  left panel) . Interestingly, mutagenesis together with ITC and co-immunoprecipitation (co-IP) studies showed that the Beclin1 CCD binds more strongly to UVRAG compared to ATG14L (Li et al., 2012) .
The third functional domain of Beclin1 is the C-terminal ECD, whose definition is quite broad in the autophagy field and can be confusing. Some studies refer the ECD as the entire C-terminal region after CCD while others excluded the extreme C-terminal region. For clarity, the domain boundaries for each of the ECD would be listed. It has been initially demonstrated that ECD (244-337) mediates Beclin1's interaction with Vps34 and activation of Vps34 kinase activity (Furuya et al., 2005) . This domain is essential to both autophagy and Beclin1's tumor suppressive function . The recent crystal structures of human Beclin1 ECD (residues 248-450) and yeast Atg6 ECD (319-540) have revealed additional roles for this domain (Huang et al., 2012; Noda et al., 2012) . Human Beclin1 ECD consists of four α-helices and three anti-parallel β-sheets, arranged into three α/β repeats showing three fold symmetry. The α-helices form an internal three-helix bundle surrounded by the three β-sheets, with additional loops and the last α-helix are found around the perimeter of the α/β repeats. A prominent loop, connecting β-sheet 2 to α-helix 3, contained a triad of hydrophobic aromatic residues (Phe359, Phe360, and Trp361) that are directly adjacent to a hydrophobic cleft. This "aromatic finger" motif was shown to be a membrane binding domain associated with cardiolipin-enriched liposomes. Membrane association of Beclin1 ECD may be strictly driven by direct interaction with membranes exhibiting high curvature, such as cardiolipin-containing mem-branes, which induce negative curvature in membranes (Renner and Weibel, 2011) . Although the aromatic finger is absent in the yeast Beclin1 ortholog Atg6, a recent study found that the C-terminal domain of yeast Atg6 (Atg6-CTD) is required for its localization to the PAS (Fogel et al., 2013) . Furthermore, domain deletion studies showed that the ECD of yeast Atg6 may have an additional role in regulating the size and number of autophagosomes (Fogel et al., 2013) .
Recently, the autophagy-specific protein Atg14L/Barkor has also been found to associate with highly curved membranes ( < 100 nm) enriched in PtdIns(3)P through a predicted C-terminal amphipathic α-helix domain (Fan et al., 2011) . Although only the N-terminal region of Atg14L is essential to autophagy, the C-terminal domain is required to support a normal level of autophagy through regulating autophagosome size and number (Obara et al., 2006) . Thus, several components of the class III PI(3)K complex may function in binding and tethering membranes to further promote expansion and elongation of the growing autophagosome.
Modulation of autophagy with small-molecule inhibitors is important both for studying the molecular mechanisms of autophagy and for developing therapeutics for autophagyrelated diseases. 3-methyladenine (3-MA) is the first autophagy inhibitor identified and is still widely used in the autophagy field (Seglen and Gordon, 1982) . 3-MA targets both the class I and III PI(3) kinases (Wu et al., 2010) . The crystal structure of Drosophila melanogaster Vps34 catalytic domain has provided structural insights into 3-MA inhibition of Vps34 and has generated a framework for the development of new generation of autophagy-specific class III PI(3)K inhibitors (Miller et al., 2010) . Notably, this crystal structure features an N-lobe catalytic domain surrounded by a helical solenoid domain and a regulatory C-terminal domain. Several features required for catalysis are clearly observed from the crystal structure: the P-loop for binding ATP, the activation loop for recognition of PtdIns, and the catalytic loop. Interestingly, the crystal structure showed that an amphipathic C-terminal helix, previously identified to be essential for Vps34 kinase activity in vivo, is obstructing the catalytic loop and substrate binding loop. It is thought that when Vps34 is localized to membranes, this C-terminal helix can be displaced to associate with the membrane region and promote Vps34 activity.
Structures of the Vps34 catalytic domain in complex with several PI3K inhibitors enabled researchers to examine the Ploop binding pocket more closely. Notably, the interaction of 3-MA in the binding pocket is mediated by a hydrophobic ring unique to the P-loop of Vps34. Also, compared to Class I PI(3)Ks, the ATP binding pocket of Vps34 exhibits a smaller overall volume and higher rigidity, an observation that suggests higher selectivity for potential inhibitors. These structures led to identification of improved compounds such as PT210, which had increased specificity to Vps34 compared to other PI(3)K, and provide a framework for rational design of inhibitors that exploit the unique features of the Vps34 ATP binding pocket (Miller et al., 2010) .
Atg9
Atg9 is the only transmembrane protein required for autophagy . Atg9 has six predicted transmembrane segments with both termini projecting to and localized in the cytoplasm. Atg9 is present in high curvature 30-60 nm lipid vesicles known as Atg9 vesicles, which are thought to be derived from Golgi-endosome sources . In yeast, biogenesis of Atg9 vesicles is dependent on Atg23 and Atg27. During nutrient rich conditions, Atg9 vesicles exist as a pre-PAS. Upon induction of autophagy, several Atg9 vesicles are trafficked to the vacuole to form the initial isolation membrane and provide the first membrane source for the autophagosome . It is thought that as little as three Atg9 vesicles participate in this early autophagosome biogenesis event . As mentioned previously, the Atg1 complex may have a role in mediating Atg9 vesicle tethering and fusion Sekito et al., 2009) . Because Atg9 vesicles likely contribute only a small amount of membranes to autophagosomes, these specialized lipid vesicles may possess alternative functions. Indeed, recent studies revealed that Atg9 recruits the TRAPPIII vesicle tethering complex and Ypt1 Rab GTPase to the PAS Lipatova et al., 2012) .
Atg18-Atg2
In yeast, Atg18 and Atg2 are peripheral membrane proteins that interact with Atg9. A downstream effector of class III PI (3)K, Atg18 localizes to the PAS through binding to PtdIns(3) P (Obara et al., 2008b) . Atg18 forms a complex with Atg2 that together localize to the autophagosome membrane (Obara et al., 2008b) . Previous work has shown that Atg2 localization to the phagophore requires Atg18, however, a recent study showed that Atg2 could localize to the PAS independent of Atg18 (Obara et al., 2008b; Rieter et al., 2013) . The exact mechanism through which Atg2 localizes to the PAS is still not clearly defined, but the importance of Atg2 localization is highlighted by the observation that artificially inducing PI(3)P targeting of Atg2 can rescue the autophagy defect resulting from the absence of Atg18 . The exact biological functions of Atg18 and Atg2 are currently not known but the Atg2-Atg18 complex may facilitate the recruitment of Atg proteins in the ubiquitin-like conjugation system to the PAS and may further regulate cycling of Atg9 Sun et al., 2013) .
Atg18 is a member of the PROPPIN (β-propeller that bind phosphoinositide species) family. PROPPIN proteins are predicted to adopt a seven-bladed β propeller structure and bind PtdIns(3)P and PtdIns(3,5)P through a conserved FRRG motif (Dove et al., 2004) . In yeast, Atg21 and Hsv2 a conserved paralogues of Atg18. Atg21 is not essential to autophagy but is required for the Cvt (cytoplasm-to-vacuole targeting) pathway (Meiling-Wesse et al., 2004; Strømhaug et al., 2004) while Hsv2 may have a role in specific autophagy of the nucleus (Krick et al., 2008) . Three recent crystal structures of the Hsv2 paralog from Kluyveromyces lactis and Kluyveromyces marxianus have provided structural insights into PtdIns(3)P recognition by the PROPPIN proteins (Baskaran et al., 2012; Krick et al., 2012; Watanabe et al., 2012) . These structures showed that Hsv2 forms a sevenbladed β-propeller with each blade consisting of 4 antiparallel β-strands. The two arginine residues of the FRRG motif were found to participate in a different binding groove. Hsv2 contains two phosphoinositide binding sites: site 1 in blade 5 and site 2 in blade 6. Another interesting feature of Hsv2 is a large loop consisting of aromatic residues extending from β-strands 3 and 4 of blade 6. This loop was shown to be necessary for binding liposomes. When these motifs were studied in the context of Atg18, it was shown that phosphoinositide binding sites and the aromatic loop are required for localization of Atg18 to the PAS and proper autophagy function. The location of the phosphoinositide binding sites and the aromatic loop suggest that Atg18 is likely oriented with its edge against the membrane. This orientation positions blade2, which interacts specifically with Atg2, to the most distal end of the β-propeller, and allows the resulting Atg18-Atg2 complex to be in an optimal position for interacting with downstream effectors (Fig. 3B) .
In mammals, the WIPI (WD-repeat protein interacting with phosphoinositides) family of proteins serve a similar function to Atg18. Four isoforms, WIPI1, WIPI2, WIPI3, WIPI4, have been identified (Proikas-Cezanne et al., 2004; Polson et al., 2010; Mauthe et al., 2011) . Phylogenetic analysis revealed that WIPI1 and WIPI2 are orthologous to Atg18 while WIPI3 and WIPI4 are orthologous to Hsv2. Functionally, WIPI1 and WIPI2 have a role in autophagy in mediating localization of mATG2 and promoting formation of LC3-positive autophagosomes (Polson et al., 2010) . All WIPI family proteins are predicted to adopt a seven-bladed β propeller structure. Additionally, the mechanisms in which WIPIs associate with PtdIns(3)P appears to be conserved from the yeast system. A recent study of WIPI1identified that indeed residues which are predicted to form blade 5 and blade 6 were important in associating with autophagic membranes through binding PtdIns(3)P (Gaugel et al., 2012) .
The ubiquitin-like conjugation systems
The two ubiquitin-like conjugation systems in the autophagy pathway are highly conserved and are thought to mediate expansion and completion of the autophagosome (Mizushima et al., 1998; Ichimura et al., 2000) . Each system has a unique ubiquitin-like protein, Atg8 or Atg12, that are conjugated to phosphatidylethanolamine (PE) or Atg5, respectively. The conjugation event occurs through an ubiquitin like-cascade that involves a common E1-like enzyme, Atg7, and two unique E2-like enzymes: Atg10 for the Atg12 conjugation system and Atg3 for the Atg8 conjugation system. The Atg8-PE and Atg12-Atg5 conjugates localize to the PAS and are required for autophagy. The structural aspects of the Atg8 and Atg12 ubiquitin-like cascade have been discussed extensively in a recent review ) and will not be covered here. Instead, we will focus on describing the potential roles of the Atg8-PE and Atg12-Atg5 conjugates in autophagosome biogenesis.
Atg8-PE conjugate
Central to the completion of autophagosome formation is the lipidation of Atg8 with PE. This conjugation event occurs through an ubiquitin-like cascade. First, nascent Atg8 is proteolytically processed at a C-terminal arginine by the Atg4 cysteine protease to expose a glycine residue. Next, this glycine residue is activated by adenylation to form a thioester bond with Cys507 of the E1-like enzyme Atg7. Atg8 is then transferred to a cysteine residue of the E2-like enzyme Atg3. In the final step, Atg8 is conjugated to the amino group of PE, which is mediated by the E3-like activity of the Atg12-Atg5-Atg16 complex (see below). Recent studies have uncovered possible roles of Atg8-PE in autophagosome formation.
In yeast, Atg8 expression and lipidation are increased during starvation-induced autophagy. A result of Atg8 lipidation is localization of this protein to the expanding PAS where Atg8-PE has a role in mediating expansion and size of the autophagosome (Xie et al., 2008) . During autophagosome formation, Atg8-PE is distributed symmetrically to both the inner and outer membranes and is the only Atg component associated with mature autophagosomes (Kabeya et al., 2000) . Furthermore, Atg8 functions to recruit specific cargo and core autophagy machinery through interaction with a conserved motif, the LC3-interacting region (LIR) or the Atg8-family interacting motif (AIM), which associates with Atg8 in a specific hydrophobic pocket (Noda et al., 2008; Yamaguchi et al., 2010; Birgisdottir et al., 2013) (Fig. 4A) . During the later stages of autophagosome formation, Atg8 is deconjugated from PE by Atg4. This event is important for recycling other core Atg components and for completing the autophagosome biogenesis process (Nair et al., 2012; Nakatogawa et al., 2012; Yu et al., 2012) . Interestingly, multiple Atg8 orthologs exist in mammalian cells, and these include LC3, GABARAP, and GATE-16. All of these proteins associate with autophagosome and they appear to participate in different steps of autophagosome formation (Kabeya et al., 2004; Weidberg et al., 2010) .
Yeast Atg8-PE regulates autophagosome size through its activity as both a membrane tether and a fusogen, as demonstrated by in vitro tethering and liposome fusion assays (Nakatogawa et al., 2007) . Although mutagenesis studies further localized the tethering function of Atg8-PE to the N-terminal region of Atg8 (Nakatogawa et al., 2007; Weidberg et al., 2011a) , the membrane fusion function of Atg8-PE remains a controversial topic in the field. Notably, a recent study argued that non-physiologic amounts of PE used in the in vitro experiments could artificially promote Atg8-PE's ability to fuse unstable vesicles (Nair et al., 2011) . Thus, Atg8-PE's capacity to tether and hemifuse autophagosomal membranes requires further experimental validation.
NMR and crystallographic analyses have shown that despite low sequence similarity, Atg8 homologs from mammalian, protozoan, and fungal cells all adopt an ubiquitin-like fold made of a four-stranded β-sheet and two α-helices (Paz et al., 2000; Coyle et al., 2002; Knight et al., 2002; Sugawara et al., 2004; Schwarten et al., 2010; Kumeta et al., 2010) (Fig. 4A, 4B ). Compared to canonical ubiquitin, the highly conserved N-terminal helical domain, exhibits different physiochemical properties among different Atg8 paralogs (Fig. 4A) . For example, it is relatively basic in LC3 but acidic in GABARAP/GATE-16. The N-terminal domain of Atg8 is implicated in Atg8-PE's ability to tether membranes (Weidberg et al., 2011a) . The crystal structure of GABARAP showed that Atg8-family proteins may have the ability to adopt an open and closed conformation with the N-terminal helix mediating an intermolecular interaction with another Atg8 molecule (Coyle et al., 2002) . In support of this hypothesis, NMR has demonstrated the structural flexibility of the N-terminal region of yeast Atg8 (Schwarten et al., 2010; Kumeta et al., 2010) . The potential of Atg8 to form higher order homo-oligomers via the dynamic N-terminal tail may be the mechanism that underlies the putative membrane tethering function of membrane-anchored Atg8-PE and testing this tantalizing hypothesis will be an area for future investigation.
The Atg12-Atg5-Atg6 complex
The process of Atg12 conjugation to Atg5 can be separated into several distinct events. First, the C-terminal Gly186 residue of Atg12 forms a thioester linkage with Cys507 of the E1-like enzyme Atg7. Atg12 is then transferred to the E2-like enzyme Atg10 before finally conjugated to Lys149 of Atg5. The Atg12-Atg5 conjugate, through Atg5, can further form a non-covalent complex with Atg16. The Atg12-Atg5-Atg16 complex, which is capable of forming higher-order oligomers, localizes to the concave side of the expanding phagophore and dissociates prior to autophagosome completion (Kuma et al., 2002) .
The crystal structure of Atg12 from Arabidopsis thaliana (AtAtg12) revealed that AtAtg12 adopts a canonical ubiquitin-like fold . AtAtg12 is structurally similar to Atg8 and these two proteins both possess a similar hydrophobic patch, which may mediate association with the shared E1-like Atg7 enzyme. AtAtg12 contains a second region, which has been shown to interact with Atg3. In yeast, formation of the full Atg12-Atg5-Atg16 complex has been shown to further promote Atg12's ability to bind Atg3 (Romanov et al., 2012) .
Recently, it was discovered that yeast Atg5 could bind membranes, with this ability being enhanced when in complex with Atg12 and Atg16 (Romanov et al., 2012) . In vitro experiments showed that conjugation of Atg5 to Atg12 inhibits its membrane binding ability while complex formation with Atg16 promotes membrane binding. Importantly, a charge dependence for Atg5 membrane association was identified, and key residues (K160, R171) mediating this interaction were shown to be essential for autophagy and the related Cvt (cytoplasm to vacuole targeting) pathway.
The crystal structures of the yeast Atg5-Atg16 complex (Matsushita et al., 2007) the mechanism of complex formation and how this may promote membrane tethering. In particular, Atg5 was found to consist of two ubiquitin-like domains joined by a helix-rich domain while a short N-terminal fragment of Atg16 forms an α-helix. Atg12 associates with the Atg5-Atg16 complex through Atg5 and does not make direct contacts with Atg16, and together these proteins assemble into a relatively compact structure. These structures also revealed that Atg12 does not change conformation upon binding Atg5, and that these two proteins interact through extensive hydrophobic/hydrophilic interactions in addition to their covalent linkage. Conjugation appears to further stabilize Atg12 and promote interaction with Atg5.
As mentioned, Atg12 contains a region required for association with Atg3. In the human crystal structure, this was proposed to be mediated by a basic region in Atg12 (K54, K72, W73) opposite to the interaction interface of Atg5 . However, analysis of S. cerevisiae and A. thaliana Atg12 has attributed the Atg3 interacting region to lying within the interface between Atg12 and Atg5 . Thus a large conformational change in Atg12 would be required to promote interaction with Atg3. These models likely differ due to inherent differences between mammalian and fungal/plant species. More recently, a study of human ATG12-ATG5-ATG16 using NMR and X-ray crystallography isolated an ATG3 peptide that co-crystallized with ATG12-ATG5-ATG16 . These results provide support that the acidic Atg3 peptide (residues 153-157) does in fact associate with the basic patch on Atg12, which further supported Otomo et al.'s model (Fig. 5C ). Atg12 adopts a ubiquitin-like fold, interestingly, Atg12's interaction with Atg3 was remarkably similar to the interaction observed with Atg8-family proteins and LIR (LC3-interacting region) peptides (Fig. 5B) .
The Atg5 residues for membrane binding localize to an interface between Atg12 and Atg16, which would position both proteins parallel to the membrane (Romanov et al., 2012) . A recent crystal structure showed that the C-terminal domain of yeast Atg16 adopts a parallel coiled coil structure and mediates dimerization of the Atg12-Atg5-Atg16 complex . This structural feature of Atg16 may confer the ability of the Atg12-Atg5-Atg16 complex to tether membranes through Atg5 (Fig. 5C ), and future experiments should focus on testing this exciting hypothesis.
As opposed to the yeast autophagy pathway, ATG16L containing vesicles in mammalian cells appear to be a key source of membranes for growing autophagosomes, which are derived from plasma membranes and endosomal compartment (Moreau et al., 2011; Puri et al., 2013) . While it remains to be experimentally validated, the dimerization ability of ATG16L may serve to tether and promote homotypic fusion of ATG16L containing vesicles. The observation that ATG16 associates with FIP200, a component of the ULK1 complex, suggests that the ULK1 complex could be potentially involved in mediating tethering and/or fusion of the ATG16L vesicles (Gammoh et al., 2013; Nishimura et al., 2013) .
Conclusions
Autophagosome formation, the central step of the autophagy pathway, is a dynamic and complex process. Over the past decade, the field has made significant strides in understanding this pathway at the molecular level. A common theme established is that several core Atg proteins have inherent capabilities to interact with and remodel membranes. However, the molecular mechanisms through which these Atg proteins regulate membrane dynamics and contribute to autophagosome biogenesis are still largely unknown, which is (Noda et al., 2008) . (C) A model for Atg12-Atg5-Atg16 membrane tethering. Membrane binding occurs through Atg5. This positioning of the complex allows for the freely exposed Atg3 binding region on Atg12. Structures were made from PDB files: 4GDK (Atg12-Atg5-Atg16) and 3A7O (Atg16 dimer). due in part to the dynamic nature of this process. Future experiments should focus on establishing in vitro systems to examine the intermediate steps of the autophagosome formation process and determining how the core Atg proteins coordinate with other non-Atg proteins, such as SNARE proteins, TRAPPIII tethering complex, and the regulatory Rab GTPases, to carry out the different membrane shaping and remodelling steps.
The availability of structural information for several core Atg proteins from yeast to humans has advanced our current understanding of the function of these proteins and their putative yet conserved roles in autophagosome formation. However, we have only scratched the surface, and the majority of published structures provide only a static picture of these proteins in action. Capturing conformational dynamics of Atg proteins and determining how they interact with one another in the context of assemblies using hybrid structural approaches that combine X-ray crystallography/ NMR with single-particle EM and single-molecular approaches will therefore be critical goals in future autophagy research. In the long run, the accumulation of high-resolution structural data on the various Atg proteins from yeast to humans will contribute to the identification of novel autophagy-modulating compounds that can be potentially developed as therapeutics for the treatment of a broad range of human diseases, and help resolve many mysteries of the autophagy pathway.
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